This report examines the genetic basis for Salmonella typhimurium Ql enterotoxin production. A 918-basepair XbaI-HincII fragment of plasmid pJM17, composed of cholera toxin (CT) coding sequences (ctxAB), was used as a gene probe. With this probe, the S. typhimurium enterotoxin was identified on a 6.3-kilobase EcoRI-PstI fragment of chromosomal DNA from plasmidless strain Ql. We cloned this 6.3-kilobase fragment into Escherichia coli RR1. The genetic map of the cloned Salmonella enterotoxin (stx) gene was similar but not identical to the CT and E. coli heat-labile enterotoxin genes. By using synthetic oligonucleotides derived from the sequences of CT subunits A (caA) and B (ctxB), it was revealed that there were some conserved regions of DNA encoding the enterotoxins of strain Ql and Vibrio cholerae. Expression of the cloned six gene in minicelis and subsequent Western blot (immunoblot) analysis with CT antitoxin demonstrated that the Salmonella enterotoxin had two or more subunits with molecular sizes of 45, 26, and 12 kilodaltons. Crude cell lysates of E. coli RR1(pCHP4), containing the cloned Salmonella enterotoxin gene, elicited fluid secretion in ligated rabbit intestinal loops and firm induration in rabbit skin. Both of these enterotoxic responses were neutralized by antisera specific for CT. Mucosal tissue from positive intestinal loops contained elevated levels of cyclic AMP. These data suggest some evolutionary relatedness between the enterotoxin genes of S. typhimurium and V. cholerae.
V. cholerae.
Recent advances have been made in our understanding of the pathogenesis of intestinal infections caused by Salmonella spp., a common enteric pathogen frequently associated with gastroenteritis and enteric fever in both humans and animals (19) . Although the pathophysiological mechanisms of Salmonella-induced enteritis are not known with precision, it is clear that salmonellae colonize and invade the intestinal mucosa and cause mucosal inflammation, fluid secretion, and tissue damage (3) . Salmonellae produce an enterotoxin that alters fluid and electrolyte secretion in the intestine (22) (23) (24) (25) . The demonstration that enterotoxins of Vibrio cholerae and Escherichia coli play a vital role in diarrheal disease provoked interest in the possible role of enterotoxins in salmonellosis.
Cholera toxin (CT) and the heat-labile enterotoxin (LT) of E. coli are functionally, structurally, and immunologically similar. Both toxins cause an elevation in cyclic AMP levels in intestinal epithelial cells by catalyzing the NADdependent ADP-ribosylation of the regulatory component (Gs) of adenylate cyclase (12) . Each toxin is composed of two types of subunits, A and B (5) , and the two toxins possess both common and unique antigenic determinants (la, 10, 27) . The B subunit binds the toxin to its specific membrane receptor, GM, ganglioside (2, 9) . The A subunit has enzymatic activity and is the adenylate cyclaseactivating component of the enterotoxin (6) . The structural genes of E. coli LT exhibit strong DNA sequence homology with the CT gene and code for polypeptides that demonstrate a high degree of homology with the known amino acid sequences of the CT subunits (29, 30) .
The heat-labile enterotoxin of Salmonella spp., like CT and LT, has been reported to induce the elongation of Chinese hamster ovary (CHO) cells and increase cyclic AMP levels (22, 25) . Furthermore, the Salmonella enterotoxin is neutralized by cholera antitoxin, and its biological effect on * Corresponding author. CHO cells is blocked by GM1 ganglioside (23) . Salmonella enterotoxin also has been shown to cause fluid secretion in the ligated loop model with adult rabbits and to effect an increase in vascular permeability when injected into rabbit skin; each of these activities is neutralized by monospecific antisera to CT (11, 25) .
The similarities between the heat-labile enterotoxins of Salmonella spp. and V. cholerae prompted us to examine the relatedness of these two toxins at the DNA level. An XbaI-HincII restriction fragment (918 base pairs [bp]) of plasmid pJM17, composed of coding sequences within the CT gene (ctx), was used as a probe for detection of the Salmonella enterotoxin gene (17) . Dot blot and Southern blot hybridization with the probe derived from the CT structural gene demonstrated that the Salmonella enterotoxin gene was located on chromosomal DNA and that some homology existed between its gene sequences and those of CT (1) . In this report, we describe the cloning and expression in E. coli of a Salmonella typhimurium Ql chromosomal fragment that codes for the production of Salmonella enterotoxin. KH2PO4, 0.2, pH 7.0, and lysed in a French pressure cell (16,000 lb/in2). Cellular debris was removed by centrifugation (16,000 x g for 15 min), and the supernatant was subjected to ultracentrifugation at 300,000 x g for 3 h to remove cell membranes and other particulate matter. The supernatant was filter sterilized (0.45 ,um pore size) before enterotoxic activity was assessed. The biological activity of the enterotoxin was detected in vivo by the rabbit intestinal loop assay and the rabbit vascular permeability factor activity test.
MATERIALS
Rabbit intestinal loop assay. The ligated rabbit intestinal loop assay was performed in young New Zealand White rabbits (1.4 to 2.0 kg) as described perviously (22) . A 1.0-ml volume of cell lysate of E. coli RR1(pCHP4) was injected into a 10-cm ligated rabbit intestinal loop. PD buffer and cell lysate of E. coli RR1(pBR322) were used as negative controls. Following overnight incubation, the rabbits were sacrificed and the loops were examined for fluid accumulation. A volume of at least 1.0 ml of fluid accumulation per cm of intestinal loop was considered a significant positive enterotoxic response.
Rabbit skin test. Vascular permeability factor activity of the cell lysate of E. coli RR1(pCHP4) was examined by the method of Peterson and Sandefur (23, 24) . Adult New Zealand albino rabbits were shaved, and 0.1-ml injections of the test samples were given intradermally with 26-gauge intradermal bevel needles. After 18 to 24 h, the zones of firm induration (edema) were palpated and estimated on a scale from ± to 4+ (e.g., 1 to 5 mm induration was scored as +; 5 to 10mm, 1+; 10 to 15mm, 2+; 15 to 20mm, 3+; and 20 to 25 mm, 4+).
Neutralization of enterotoxic activity was accomplished by mixing equal volumes of hyperimmune cholera antitoxic serum (7) with E. coli RR1(pCHP4) cell lysates. Preimmune sera from the same rabbits were used as controls. The mixtures were incubated at 37°C for 1 h and subsequently at 4°C overnight. Samples (1 ml and 100 ,ul) of each mixture were examined in rabbit intestinal loops and in rabbit skin, respectively.
Measurement of cyclic AMP. Cyclic AMP in intestinal mucosal scrapings was extracted and assayed as described previously (22) .
DNA preparation and analysis. Chromosomal DNA was prepared from Salmonella spp. by the method of Marmur (14) . DNA restriction enzymes, purchased from Bethesda Research Laboratories, were used under conditions suggested by the supplier. A cholera toxin gene probe was prepared from plasmid pJM17, which was digested with XbaI and HincII (these enzymes cut within the structural gene of CT). The resulting 918-bp fragment had sequences to most of the A and part of the B subunit of the CT gene (17) . Also, this plasmid was cut with the restriction enzyme BstXI, which generated a 741-bp fragment having sequences to part of A and all of B, plus another 24-bp downstream from the ctxB gene. These fragments were labeled with [a-32P]dCTP by the method of Maniatis et al. (13) to a specific activity of about 108 cpm/,ug. The chromosomal DNA from strain Ql was digested to completion with various restriction enzymes, subjected to electrophoresis on a 0.8% agarose gel, and blotted by the method of Southern (26) . A nitrocellulose filter was then hybridized with 107 cpm of the a-32P-labeled XbaI-HincII probe per ml under lowstringency conditions (370C for 36 h in the presence of 20% formamide). Filters were washed in 5 x SSC (lx SSC is 0.15 M NaCl plus 0.015 M sodium citrate) (13) containing 0.1% sodium dodecyl sulfate (SDS) for 45 min at 52°C with constant shaking. Hybridization and washing temperatures were varied in some experiments to alter the stringency of the hybridizations.
Synthetic oligonucleotides made internally to ctxA (comprising nucleotides 702 to 721 and 718 to 735) and to ctxB (1625 to 1645) were derived fromn the DNA sequence of the CT gene (17) . These oligomers were generously supplied to us by Walter Hill, Food and Drug Administration, Washington, D.C. Additional synthetic oligonucleotides were prepared to ctxA (612 to 638) and ctxB (1300 to 1320 and 1493 to 1513) in our laboratory with an automated DNA synthesizer (Applied Biosystems). Synthetic oligomers were labeled at the 5' end by the enzymatically catalyzed transfer of 32p from [y-32P]ATP (4,000 Ci/mmol; ICN Pharmnaceuticals, Inc.) with T4 polynucleotide kinase (13) . For each reaction, 25 pmol of 5' ends were used. The conditions for hybridization with the synthetic oligonucleotides were based on the procedure of Wallace et al. (28) . Each filter was incubated in 5 ml of hybridization solution containing 106 cpfn of oligonucleotide probe, as described by Hill et al. (8) . The filters were washed at 40 to 45°C in 6x SSC for 1 h.
Protein analysis in minicelis. The chromosomal DNA fragment of strain Ql, containing the enterotoxin gene, was inserted into the DNA vector pBR322. Proteins specified by the resulting plasmid (pCHP4) were identified by using minicells as an in vitro protein-synthesizing system. Plasmid-encoded proteins were labeled by incubating purified minicells with [35S]methionine (15) . The total mninicell proteins were separated by SDS-polyacrylamide gel electrophoresis, and the plasmid-specified proteins were identified by autoradiography and by Western blotting (immunoblotting) with monospecific antisera to CT.
RESULTS
Our initial experiments with the CT gene probe (XbaIHincIl fragment of plasmid pJM17) (17) demonstrated that the Salmonella stx gene resides on chromosomal DNA and not on plasmid DNA (1) . Preliminary experiments also indicated that this probe hybridized to Salmonella stx gene sequences under conditions of reduced stringency. On the basis of Southern blot hybridization with a 918-bp XbaIHincII sequence of a CT gene probe, our data ( Fig. 1) indicated that multiple bands were generated by digesting chromosomal DNA of S. typhitnurium Ql with different restriction endonucleases. EcoRI produced two bands, 13.7 and 11.7 kilobases (kb) in size, and PstI produced two distinct bands of 12.9 and 8.0 kb. This observation suggests that the Salmonella stx operon might be duplicated on the Salmonella chromosome. Duplication and amplification of the ctx operon have been reported for many strains of V. cholerae (16) . Digestion of chromosomal DNA from strain Ql with two restriction enzymes simultaneously (EcoRI and PstI) generated one band at 6.3 kb (Fig. 1) . These data suggested that the multiple copies of the Salmonella enterotoxin genes were identical. The 6.3-kb fragment was subsequently used in our cloning experiments.
Cloning of the stx gene. Chromosomal DNA from strain Ql was doubly digested with EcoRI and PstI and fractionated by electrophoresis in a 0.8% agarose gel. The DNA that migrated in the range of 5.8 to 6.8 kb was recovered from the gel by electroelution and further purified, as described by Maniatis et al. (13) . Likewise, the vector pBR322 also was digested with EcoRI and PstI simultaneously and subjected to electrophoresis, while the larger fragment (3.6 kb) was electroeluted and purified. The vector (pBR322) DNA and (15 ,ug) from S. typhimurium Ql were digested with the indicated restriction enzymes, fractionated by electrophoresis in a 0.8% agarose gel, and transferred to a sheet of nitrocellulose paper by the method of Southern (26) . The nitrocellulose paper was incubated at 37°C for 6 h in the prehybridization solution containing 5x SSC, 20% deionized formamide, 1 mM EDTA, 0.1% SDS, 5x Denhardt solution (13) , and 250 ,ug of sheared, denatured salmon sperm DNA per ml. Lanes 1 to 4 were hybridized for 36 h in fresh hybridization solution containing 107 cpm of aL-32P-labeled XbaI-HincII fragment of the CT gene. The filters were washed in 5x SSC containing 0.1% SDS at 520C with constant shaking, dried, and exposed to X-ray film for 8 to 10 days.
Abbreviations: E, EcoRI; P, PstI; E+P, EcoRI plus PstI. Lane (13) . Replica plates of the transformants were made, and the nitrocellulose filter disks were subjected to colony hybridization, as described by the manufacturer (Schleicher & Schuell). Once again, the XbaI-HincII fragment of the CT gene was used to screen for positive clones containing the Salmonella stx gene. E. coli RR1 containing only pBR322 served as a negative control. The structure of the recombinant plasmid DNA is illustrated in Fig. 2A .
Analysis of recombinant plasmids. The positive clones (E. coli RR1 containing the Salmonella stx gene) were selected from the replica plates and purified. Four clones were selected randomly, and the plasmid DNA from these clones was isolated and purified as described previously (13) . The purified plasmids pCHP1, pCHP2, pCHP3, and pCHP4, when digested with EcoRI and PstI restriction enzymes and subjected to electrophoresis exhibited a single 6.0-to 6.3-kb EcoRI-PstI fragment. For further studies, we used the E. coli RR1 transformants harboring plasmids pCHP1 and pCHP4. The 6.0-to 6.3-kb fragment from these plasmids demonstrated a positive signal with the XbaI-HincII and BstXI fragment of the CT gene probe in a Southern blot (Fig.  3a and b) . The EcoRI-PstI fragment of the pCHP4 plasmid was weakly detected by either E. coli LT-A or LT-B probes (data not shown). In addition, the 6.3-kb fragment of pCHP4, when used as a probe, hybridized with the EcoRI-PstI fragment of a chromosomal DNA digest of strain Ql (Fig. 4) .
The genetic map of the Salmonella enterotoxin gene in comparison with those of CT and LT is shown in Fig. 2B . There were several apparent similarities in the restriction maps of these three enterotoxin genes. First, all three toxin genes were aligned by a common XbaI site, and immediately downstream there appeared to be a BstXI site present in CT and Salmonella enterotoxin that was not present in LT. In addition, the BstXI and HincII sites in CT and Salmonella (18) . The sizes of the DNA probes used are indicated on the CT genetic map. P--, Direction of transcription and most probable location of the toxin promoters (P). (Fig. 3c) , all other oligomers demonstrated a positive signal with the Salmonella stx gene (Fig. 3d and e) . Hybridization with synthetic oligomers ctxA (612 to 638) and ctxB (1493 to 1513) was weak (data not shown). These data indicated that there were some sequences, encoding both the A and B subunits of CT, which were conserved in strain Qi and V. cholerae.
Expression of cloned stx gene. Like the parental strain of Salmonella (Ql), E. coli RR1(pCHP4) secreted no detectable toxin into the medium. Unlike cloned CT, which requires proteolytic processing (digestion with trypsin) before maximum biological activity is expressed (18) , Salmonella enterotoxin produced by E. coli RR1(pCHP4) was high in biological activity (as measured by the rabbit ileal loop assay), and treatment with proteolytic enzymes such as trypsin had no significant effect on the amount of biological activity of the crude toxin preparation (data not shown). These data suggest that the intracellular enterotoxin produced by E. coli RR1(pCHP4) was already processed by the proteolytic machinery of RR1 or that perhaps no additional processing was required.
The synthesis of biologically active enterotoxin from the cloned Salmonella stx gene in E. coli RR1 was tested in vivo by the rabbit intestinal loop assay as well as by alterations in vascular permeability of rabbit skin. The cell lysates of E. coli RR1(pCHP4) contained a significant amount of toxin, as o. 6kb   FIG. 4 . Southern blot hybridization. Chromosomal DNA (1 ,ug) from S. typhimurium Ql and E. coli RR1 were digested with restriction endonucleases, fractionated by electrophoresis in a 0.8% agarose gel, and Southern blotted. Lanes 1 to 3 were hybridized with 106 cpm of the ax-32P-labeled EcoRI-PstI fragment of pCHP4. Hybridization was carried out at 37°C for 12 h in the presence of 50%o formamide. The filter was washed in 2x SSC containing 0.1% SDS at room temperature for 1 h and subsequently at 54°C for 90 min in 0.2x SSC containing 0.1% SDS with constant shaking. The filter was dried and exposed to X-ray film overnight. Lanes: 1, chromosomal DNA of E. coli RR1 digested with EcoRI and PstI; 2, chromosomal DNA of strain Ql digested with EcoRI and PstI; 3, 1 ,g of undigested PBR322; 4, 32P-labeled phage lambda DNA digested with HindlIl. The arrow indicates the 6.3-kb fragment of S. typhimurium Ql DNA containing the enterotoxin gene. demonstrated by both in vivo assays ( Table 1 ). The control supernatant of E. coli RR1(pBR322) lysate was negative in these assays. Enterotoxic activity of the E. coli RR1(pCHP4) lysates was completely neutralized by antisera monospecific a Monospecific antiserum was prepared by immunization of adult rabbits with purified CT (7) , and preimmune serum from the same animal was used as a control in the neutralization experiments.
I Three intestinal loops in two separate animals were injected with each sample. A value of 2 ml/cm was significant by Student's t test (P -0.01). c CT was used at 100 ng/ml for the fluid accumulation assay and at 50 pg for the skin permeability test. (Fig. 5) . These bands were not produced by E. coli RR1(pBR322). After Western blotting with cholera antitoxin, these three bands (probably representing subunits of Salmonella enterotoxin) were detected, but the intensity of the bands was weak.
DISCUSSION
Detection of distinct but weak homology between the enterotoxins of V. cholerae and S. typhimurium Ql was noted in this study and other Salmonella spp. by Chopra et al. (1) . The importance of the weak homology could easily have been overlooked had there not been previous evidence of antigenic and biologic similarities between the two toxins (22, 23) . In this study, we cloned the chromosomally encoded S. typhimurium Ql enterotoxin gene into E. coli RR1 and demonstrated that the antigenic and biologic characteristics of the cloned product were typical of those already described for this toxin when produced in Salmonella spp. (23) . These data further support the evolutionary relatedness among several enteric bacteria that produce diarrheal diseases. The enterotoxin gene from both V. cholerae and the Salmonella spp. tested (1) was located on the chromosome, while that of E. coli was present on a plasmid. It is clear that there are regions of conserved nucleotide sequences among these three genera of bacteria, based on the intensity of the hybridization reactions of both the natural and synthetic probes to both the A and B subunits of CT. Presently, we have not determined the extent of the homology, because Salmonella enterotoxin has not been sequenced as have the enterotoxins from V. cholerae and E. coli. Nevertheless, it can be deduced from the minicell data presented here that the subunit composition of Salmonella enterotoxin may be similar to that of CT and LT. Three bands were noted in the autoradiograph from minicells containing pCHP4; their molecular sizes were 45, 26, and 12 kilodaltons. All three bands reacted weakly in Western blot analysis with monospecific antiserum to CT. The relationship of these components to the A and B subunits of CT is not yet known but is under investigation.
Clearly, antiserum to CT completely neutralized the biological activity of the cloned Salmonella enterotoxin, an observation previously made with crude or partially purified Salmonella enterotoxin (23, 25) . Neutralization of the Salmonella enterotoxin by antisera to native CT implies the presence of CT AB epitopes on the Salmonella enterotoxin near a conformational site that is essential for the biologic activity of the molecule. The conserved regions of DNA coding for Salmonella and CT toxins, demonstrated in this study, could contribute to the precise folding and arrangement of the Salmonella enterotoxin polypeptide chain(s) essential for both similarities in antigenic epitopes and biologic activity of the two toxins.
The mechanism of action of the cloned Salmonella enterotoxin appears similar to that of CT and LT, in that cyclic AMP levels in intestinal cells are elevated. This observation is consistent with previous studies that have demonstrated an increase in cyclic AMP concentrations in intestinal cells following experimental infection with S. typhimurium (4). Crude lysates of S. typhimurium also elicit a rise in this cyclic nucleotide in isolated rabbit intestinal cells (22) . Immunization of rabbits with heat inactivated CT has been shown to block the secretion of fluid in intestinal loops challenged with live salmonellae (23) . Thus, there seems little reason to doubt the importance of Salmonella enterotoxin as a cause of diarrhea in the pathogenesis of salmonellosis. Nevertheless, work is in progress to prepare isogenic stx mutants of various strains of S. typhimurium by using the cloned stx gene in an effort to investigate this phenomenon further.
Production of an enterotoxin by an invasive bacterium compared with noninvasive, enterotoxin-producing bacteria (e.g., V. cholerae and many E. coli) raises the questions of at what stage of infection the enterotoxin might exert its deleterious effect on the intestinal mucosa and whether it might affect the course of systemic infection as well. Does the toxin alter cyclic AMP levels before or after epithelial cell invasion? In this sense, invasion of epithelial cells by the bacteria could provide a very efficient mechanism for delivering the enterotoxin to the intestinal epithelial cells. Small amounts of toxin produced by Salmonella spp. (21) could exert substantial effects on water and electrolyte transport during intestinal infection. Availability of the cloned enterotoxin gene will facilitate future studies with isogenic mutants in probing these questions. In the past, the complexity of developing antigenic assays of proven specificity for the Salmonella enterotoxin and the small amount of enterotoxin produced have delayed many investigations of this enterotoxin. Cloning and amplification of the gene in E. coli should result in larger quantities of toxin being produced and expedite future efforts to purify the enterotoxin to homogeneity. Serologic methods for identifying this enterotoxin have been less than adequate, since no Salmonella spp. have been identified that do not produce the toxin. The possibility of being misled by cross-reacting antigens has convinced us, at present, that biologic assays (e.g., vascular permeability test and intestinal loop assay) are the most reliable procedures for detection of Salmonella enterotoxin. As purified enterotoxin and homologous antiserum become available from future studies with E. coli RR1 (pCHP4) prepared in this study, the development of highly specific serologic methods may be attainable for reliable and expedient detection of the Salmonella enterotoxin.
